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An analysis has been conducted to determine the relationships between the 
performance characteristics (power-to-weight ratio, blanket tension, structural 
member section dimensions, and resonant frequencies) of large-area roll-up solar 
arrays of the single-boom, tensioned-substrate design. The study includes the 
determination of the size and weight of the base structure supporting the boom 
and blanket and the determination of the optimum width, blanket tension, and 
deployable boom stiffness needed to achieve the minimum-weight design for a 
specified frequency for the h s t  mode of vibration. A computer program has been 
used to generate a set of plots that provide optimum structural sizing and esti- 
mated weights for arrays with blanket areas ranging from 100 to 400 ft2 and for 
first-mode natural frequencies ranging from 0.03 to 0.7 Hz. Use of these plots 
enables a quick evaluation of the potential merits of a proposed roll-up array. 
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8 .  cti 

In recent years, considerable emphasis has been placed 
on the development of large-area solar arrays with high 
power-to-weight ratios and small packaging volumes. 
One of the concepts currently being developed is the 
single-boom roll-up array shown in Fig. 1. 

The design consists of two flexible-cell blankets ten- 
sioned between spacecraft-mounted storage drums and a 
leading-edge beam. The array is erected by a deployable 

e SUNLIGHT 

-BEAM 

Y 

boom that is connected between the leading-edge beam 
and its supporting structure on the spacecraft. 

In studying potential applications for this design, one 
must predict the performance characteristics of arrays of 
widely varying sizes and natural frequencies. Because 
of the complex nature of the relationship between the 
size of the array, its first-mode natural frequency, and 
its structural parameters, it is difficult to predict the 
performance characteristics of arrays sigriificantly dif- 
ferent from the engineering prototype. To help solve this 
problem, a computer routine was programmed to calcu- 
late the optimum size for structural members and the 
optimum blanket tension for an array that is to have a 
given electrical power output and a specified lowest 
deployed natural frequency. The program is composed 
of two basic parts: (1) an analysis of the deployable boom 
and array blanket and (2) an analysis and sizing of the 
base structure supporting the boom and array blankets. 

After the computer program had been developed, a 
parametric study was conducted to provide approximate 
structural sizing and estimated weights for arrays with 
blanket areas ranging from 100 to 400 ftz, widths ranging 
from 4 to 12 ft, and first-mode natural frequencies rang- 
ing from 0.03 to 0.7 Hz. These data, which are presented 
in graphical form, should provide enough information 
for preliminary configuration studies. 
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Although the results presented apply only to the single- 
boom, two-drum design, the computer program is so 
designed that adaptation to other configurations can be 
accomplished simply by adding and removing certain 
subroutines. This will allow analysis of new design con- 
cepts without complete revision of the existing program. 

sis 

If the width of the array and the power output per 
unit area of blanket are specified, the length (and thus 
the size) of the array is fixed by the total electrical power 
output required. Because the weight of the cell blanket 
and support structure is essentially fixed for an array of 
a given size, the relationship between total weight and 
deployed natural frequency is almost entirely controlled 
by the weight of the deployment boom. This implies 
that, when the size of the array is specified, the optimum 
array for a specific lowest deployed natural frequency 
can be defined as that with the lightest boom. 

Because there are two possible first-vibration modes 
for a deployed array (Fig. 2), the cross-sectional size (and 

(a) TORSION (ANTISYMMETRIC) 

(b) BENDING (SYMMETRIC) 

thus the weight) of the boom is determined by the fol- 
lowing requirement: the boom must have sufficient stiff- 
ness to maintain the first-bending frequency equal to or 
greater than the required minimum frequency while 
loaded by sufficient blanket tension to maintain the first- 
torsion frequency at or above the minimum. Figure 3 
shows the variation in first-bending and first-torsion fre- 
quencies as a function of the blanket tension for a single- 
boom array of the type under investigation. As is shown 
in this figure, the optimum tension for a particular boom 
stiffness has been found to occur when the first symmetric 
and antisymmetric frequencies are equal. This tension 
yields the lightest boom for a particular lowest deployed 
natural frequency. 

The natural frequencies of the array being nonlinear 
functions of the blanket tension, the roll-up array per- 
formance program uses an efficient root-finding routine 
to determine the optimum blanket tension as defined by 
F (tension) = (symmetric frequency - antisymmetric fre- 
quency) = 0. 

Each evaluation of the function F requires the calcu- 
lation of the natural frequencies of the combined 
tensioned-blanket/axial-loaded boom system that makes 
up the deployed array. 

Once the optimum tension for a given boom stiffness 
has been determined, a second root-finding routine is 
used to determine the boom stiffness that results in the 
lowest deployed frequency being equal to the desired 
minimum deployed natural frequency; Le., F (boom stiff- 
ness) = (first-mode frequency - required frequency) = 0. 
A flow chart of the complete iteration sequence used in 
the program is shown in Fig. 4. 
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The modal analysis of the deployed solar array is 
based on a multi-degree-of-freedom, finite-element repre- 
sentation of the boom, beam, and blanket components, as 
shown in Fig. 5. Each blanket is modeled by 10 rectan- 
gular finite elements, which describe the out-of-plane 
stiffness caused by the imposed blanket tension. The 

boom and beam components are similarly modeled by 
standard beam-column elements, which describe both 
the bending stiffness and the geometric stiffness caused 
by the axial preload.* Although the blanket bending 
stiffness is neglected in the above analysis, more sophisti- 
cated 250-degrees-of-freedom analyses, which include 
the bending stiffness, have shown that the simple model 
leads to less than 1% errors in the first-mode frequencies. 

The stiffness and mass matrices for the overall array 
are developed by combining the element stiffness and 
consistent mass matrices for the elements described 
above. The generation procedure allows for the following 
arbitrary parameters : 

(1) Array length. 

(2) Array width. 

(3) Blanket weighthnit area. 

(4) Boom weight/unit length. 

(5)  Beam weight/unit length. 

(6) Boom stiffness. 

(7) Beam stiffness. 

(8) Blanket tension. 

After initialization of the above parameters by the root- 
finding routines, the natural frequencies of the array are 
determined by solution of the usual eigenvalue problem 
with a very fast Q-R algorithm. 

*The elemental stiffness and consistent mass matrices for the blanket 
and beam elements were derived by use of the techniques of Martin 
(Ref .  l), and are given in Appendix B. 
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The support structure analysis uses scaling equations 
to extrapolate the size and weight of the support-structure 
components of a proposed array from those of a baseline 
design. The configuration used as the baseline for this 
analysis'is the 8.25-ft wide, 250-ft2 engineering prototype 
described in Ref. 2. Essentially, a dimensional-analysis 
approach was taken to determine the scale factors that 
are applied to the structural elements when design con- 
ditions change. The total weight W, of the reference 
array is broken down into 12 components: 

Wi Wboi + Wsi + Wci f Wbi + Wssi + We,, 

+ WCSI + Wbel + wal + Wms, + Wbktl + Wmegi 

(1) 
where 

Wb,, = weight of boom (determined by modal analysis 
program) 

W,, = weight of storage drum shell 

W,, = weight of end caps on storage drum shell 

Wb, = weight of bearings 

W,,, = weight of support shaft 

We,, = weight of end supports 

W,,, = weight of center support 

Wbe, = weight of beam (leading-edge member) 

W,, = weight of boom actuator 

W,,, = weight of nonstructural material 

Wbktl = weight of solar-array blanket 

W,,,, = weight of NEG'ATOR spring-mechanism 
hardware (constant-force spring) 

(Subscript 1 refers to the reference array; the alphabetic 
subscripts refer to the structural components.) 

The weight of a second array-differing from the reference array in geometry, material properties, and applied 
inertial loads-can be broken down in a similar manner: 

The ratio Wt = WJW, can be written as 

where wbol/w1, W,,/W,, Wc1/W,, etc., are the fractions of the total weight of the reference array contributed 
by the individual components. A simplified notation is used to refer to the ratios of the weights of the components, 
Wboz/Wboi = wbo, wsz/wsi = ws, WCZ/WCI = wc, etC. 

Geometric scale factors are introduced to define the 
change in size of the components, and relationships are 
then established between these geometric scale factors 
and the ratio of stresses in the components. The scale 
factors used are as follows: 

xSo = structural section overall scale factor 

ist = structural section material thickness scale factor 

hh = blanket width scale factor 

A; = total array width scale factor 

xV = blanket length scale factor 

At =ratio of blanket tension of array 2 to that of 
array 1 

hecc = ratio of launch-acceleration loading of array 2 to 
that of array 1 

hi, = ratio of boom diameter of array 2 to that of 
array 1 

he, = ratio of total diameter of combined storage drum 
shell and rolled blanket of array 2 to that of 
array 1 

J -750 



Because only one acceleration load factor A,,, relates 
the acceleration loadings in the three orthogonal direc- 
tions (parallel to storage drum, perpendicular to storage 
drum and in plane of blanket, and perpendicular to 
storage drum and normal to plane of blanket), this factor 
is an average of these three orthogonal acceleration 
factors. 

By expressing the weight ratios in terms of material 
densities and volumes, and by expressing the volumes in 
terms of the scale factors, Eq. (3) becomes 

(4) 

where p is the material density of the components, the 
subscripts to the geometric scale factors and densities 
indicate the structural components to which they refer, 
and the superscripts st and so indicate whether the scale 
factor refers to thickness or to overall size, respectively. 

Relationships are then established between the geo- 
metric scale factors in Eq. (4) and the ratios of stresses 
of the components of the structure. This must be done 
individually for each of the components sized by stress 
and load levels, and the results then substituted into 
Eq. (4). Some components, however, are not sized by 
stress and load levels. 

The ratio of the boom weights W b 0  is determined by 
the modal analysis program. The NEG’ATQR spring- 
mechanism weight is a function of blanket tension. Blanket 
weight is a function of and A,,. Nonstructural hardware 
is also assumed to be a function of hh  and hv, and bearing 
size is a function of support-shaft size. 

The derivation of the relationships for the storage 
drum shell will be considered as a typical example. For 
inertial loading, beam-bending moments are related by 

where w b s  ( W b k t z  + W s z ) / ( W b k t l  + w s i ) .  The Cor- 
responding ratio of shell maximum bending stresses is 

where the shell-section moments of inertia are related by 

The ratio of the maximum bending stresses becomes 

Critical buckling stresses for the shell are related by 

Two additional relationships are assumed by the re- 
quirement that buckling and bending stress ratios be 
equally critical and that the bending-stress ratio be a 
function of the yield-strength ratio, 

and 

where uvSz is the yield strength of the shell for array 2, 
uZlsl is that for array 1, and K ,  is the ratio of the factors 
of safety of the two arrays. These equations (5 through 
11) are then solved for the unknowns hit ,  h;O,and W b , ,  

and substituted into Eq. (4). 

Table 1 lists the relationships established between the 
geometric scale factors in Eq. (4) and the ratios of 
the stresses for all of the components, where 



and 

ri = radius of shell of reference array 

ro = radius of combined shell and rolled 
blanket for reference array 

The equations are then solved for the unknowns A:, 

and W,. The ratios of the weights of ,the individual 
components are then determined by direct substitution 
of these values into Eq. (4). Table 2 lists the solutions 
for the above scale factors. 

A S t  AS0 A S t  A80 A S t  AS0 A S t  A S t  w 
c 7 887 8 8 )  e s ,  e87 cs? b e ,  be7 a 9 bs7 W b 8 ~ 8 8 ,  

hv + - a1 
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To determine w b s ,  W b s c s s ,  and W b a ,  three additional 
equations (12 through 14) must be written and solved 
for these three unknowns. To solve these equations, the 
scale-factor solutions must first be substituted for the scale 
factors so that the only unknown in each equation is 
either W b s ,  W b s c s s ,  or W b a :  

where W b s l  is the weight of the blanket and storage 
drum shell of the reference array; 

where W b s c s s l  is the weight of the blanket, storage drum 
shell, end caps, and support shaft of the reference array; 
and 

where W b a l  is the weight of the boom and the actuator 
of the reference array. Once these equations have been 
solved for the W's, and all scale factors have been deter- 
mined, the final weight is calculated and the power-to- 
weight ratio is obtained. 

This technique for analyzing the size and weight of a 
structure has inherent limitations. As in all parametric 
studies, arbitrary decisions have to be made as to how 
to describe the relationships between load, stress, and 
member sizes. Because of these limitations, the results 
obtained from the support-structure analysis are not in- 
tended as a substitute for a complete and detailed struc- 
tural analysis, but as a good initial estimate of the sizing 
and weight of an array (given a required power output). 

I 
The array-optimization and support-structure analyses 

defined above were used to conduct a parametric analy- 
sis to determine the relationships between the per- 
formance characteristics of arrays with blanket areas 

ranging from 100 to 400 ft'. This is the range of sizes 
that is currently receiving the greatest emphasis. Two 
major results emerged from this study: (1) the deter- 
mination of the relationship between solar-array weight 
and the three primary design factors-size, length- 
width ratio, and deployed natural frequency; (2) a set 
of plots that provide optimum structural sizing and 
estimated weights for arrays in the above size range, 
with widths ranging from 4 to 16 ft, and for deployed 
natural frequencies ranging from 0.03 to 0.7 Rz. 

To limit the scope of the study, certain assumptions 
had to be made and certain parameters had to be fixed 
with nominal values. These assumptions must be under- 
stood if the parametric plots are to be used effectively: 

The analysis is limited to the single-boom, split- 
blanket configuration, with the boom lying in the 
plane of the blankets. Because the boom and 
boom actuator lie in the plane of the blanket, 
the width available for the blankets is not the 
total array width; it is the total array width minus 
the boom-actuator width. 

The blanket density is assumed to be 0.17 lb/ft'. 
This density, which corresponds to 8-mil solar 
cells and 3-mil coverglasses on a %mil Kapton 
substrate, i s  typical of current designs and is the 
value used in the baseline design (see Ref. 2). 
The density is defined by dividing the total blanket 
area into the total weight of the blankets. 

All array-component materials are assumed to be 
the same as the materials in the baseline design, 
and all launch-vibration levels are assumed to be 
equal to the very high levels (1.0 g2/Hz, 33 g rms) 
used in the design and testing of the baseline 
design. 

Although the optimum boom-stiffness and blanket- 
tension determinations are general and apply to 
all types of booms, the boom was assumed to be 
a steel BI-STEM with 80% stiffness efficiency and 
with a boom-diameter-to-material-thickness ratio 
of 200. This assumption was necessary to generate 
the plots of component weight, optimum aspect 
ratio, power-to-weight ratio, and array length vs 
first-mode natural frequency. The 80% efficiency 
is based on a degradation of the stiffness of the 
BI-STEM (two split tubes wrapped around each 
other) as compared to a closed tube with the same 
diameter and total wall thickness (the material 
thickness is one half the total wall thickness) (see 
Ref. 3). 



Use of the parametric plots for arrays that violate these 
assumptions should be done carefully. For example, 
change of the blanket density affects the array param- 
eters considerably, whereas change to a different boom 
efficiency or diameter-to-thickness ratio does not affect 
them significantly, and the plots may be used. 

In the preliminary design of roll-up solar arrays, the 
most important parameter for obtaining the optimum 
array is the determination of the optimum aspect ratio 
(total array length/total array width). This optimum 
aspect ratio has been found to be essentially independent 
of array size; thus, for fixed blanket and base-structure 
parameters, it is only a function of the required first- 
mode natural frequency. Figure 6 is a typical graph of 
component weights vs natural frequency of an array 
using two different aspect ratios. It can be seen that, at 
low first-mode natural frequencies, the 8/1 aspect ratio 
requires less total system weight and thus has a higher 
power-to-weight ratio than has the 2/1 aspect ratio. The 
reason for the lower total system weight of the 8/1 aspect 
ratio array is that, for narrow array widths, the required 
size and weight of the storage drum and related base 
components are less than they are for wide array widths, 
whereas, at low natural-frequency requirements, the long 
boom is still relatively lightweight and the boom actuator 
is still relatively small. However, for requirements of 

higher natural frequencies, the long boom increases in 
size and weight at such a rapid rate (to meet the 
increased stiffness requirements) that the smaller aspect 
ratios become more efficient because the shorter boom 
increases in size and weight at a much slower rate as 
the required natural frequency increases. The empiri- 
cally derived relationship between optimum aspect ratio 
and deployed natural frequency for the blanket density 
and base-structure parameters used in this study is 
shown in Fig. 7. 
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Fig. 7. Optimum aspect ratio for any  size array as a 
function of deployed natural frequency 

By using Figs. 7 through 10, which are typical of 
those found in Appendix A, a user with a required 
array area can determine the values of all of the major 
design parameters of a roll-up solar array, including 
length, total width, power-to-weight ratio, boom stiff- 
ness, and blanket tension. A typical design of a solar 
array will be carried out in Section V to describe the 
use of the parametric curves in Appendix A. 

When it is desired to determine the overall dimen- 
sions of a proposed array, Figs. 7 and 8 can be used 
together to determine the desired aspect ratio. As a 
typical example, a natural frequency requirement of 
0.07 Hz for a 250-ftz array will be considered. From 
Fig. 7, it is determined that the optimum aspect ratio 
for 0.07 Hz is approximately 4/1. This gives a total 
width and length slightly greater than 8 and 32 ft, 
respectively. Although the total width and length pro- 
duce an area greater than 250 ftz, the added width and 
length are required to compensate for the lost area 
between the two split blankets. This area is occupied 
by the boom and the boom actuator. 

I 
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Fig. 8. Typical dependence of power-to-weight ratio on 
deployed natural frequency for various array widths 

In Fig. 8, which is the plot of power-to-weight ratio 
for a 250-ft2 array, the curve for the 8.25-ft width is 
used to determine the appropriate power-to-weight 
ratio at the natural frequency of 0.07 Hz. The value 
obtained is found to be slightly greater than 30 W/lb, 
based on 10-W/ft2 array output. If the array output is 
different from the assumed value (say, X W/ft2), the 
actual efficiency can be obtained from 

(power-weight),,,,,, = [(power/weight),,,,,I 

( Z E J  
If the width or length of the array is limited by design 
constraints to values other than the optimum, the 
decrease in power-to-weight ratio associated with size 
variations from the optimum is given in Fig. 8. For 
example, with a 6-ft width, the power-to-weight ratio at 
0.07 Hz drops from 30.5 to 28 WAb. 

Once the overall dimensions have been ascertained, 
the optimum boom stiffness and optimum blanket ten- 
sion can be determined by use of Fig. 9. From this 
figure, it can be seen that, as the natural frequency 
requirement increases, the optimum boom stiffness and 
optimum blanket tension increase rapidly, thus decreas- 
ing the power-to-weight efficiency of the overall array. 

At 0.10 Hz, only a 3300-lb-ft2 boom stiffness and a ten- 
sion of 3.4 lb per blanket are required for a 250-ft2 array. 
However, the same array requires a 100,000-lb-ft2 boom 
stiffness and a tension of 60 lb per blanket at 0.40 Hz. By 
use of the example given above (0.07 Hz and 250 ft2), 
it can be determined from Fig. 9 (solid line) that the 
optimum boom stiffness required is 1600 lb-ft2 and the 
corresponding tension is 1.8 lb per blanket. The blanket- 
tension curves in Fig. 9 all stop at approximately 2 lb, 
which corresponds to a minimum allowable wrap force 
of approximately 0.5 lb/ft (of width); this force is needed 
to roll the blanket on the storage drums. 

Although the optimum boom-stiffness curve is general 
and can be used for any type of boom, the boom mass 
used in the modal analysis program was the mass of a 
steel BI-STEM boom with 80% stiffness efficiency and 
a diameter-to-thickness ratio of 200. When the optimum 
boom-stiffness curves are used for booms other than 
the assumed boom, there will be a discrepancy between 
the predicted first-mode natural frequency and the actual 
frequency because of the different boom mass-to-stiffness 
ratio. At low natural frequencies, when the boom weight 
is small compared to the blanket weight, ,these discrep- 
ancies will be negligible; at high natural frequencies, 
however, when the boom weight is very large, the devia- 
tions can be significant, depending upon the magnitude 
of the differences in the respective mass-to-stiffness ratios. 

If the optimum boom stiffness obtained is not that of 
a standard, off-the-shelf size of boom, then Fig. 9 can 
be used to determine the natural frequency and opti- 
mum blanket tension for an available boom stiffness. 
If 2000 lb-ft2 is assumed as the stiffness of an off-the- 
shelf boom near the optimum, the dotted lines in Fig. 9 
represent the determination of the first-mode natural 
frequency and optimum tension. The natural frequency 
obtained is 0.08 Hz and the tension is 2.2 lb per blanket. 

Figure 10 is a typical plot of array length vs first- 
mode natural frequency. Given a required blanket area 
and specified total array width, the overall length 
becomes greater as the first-mode natural frequency 
increases. This increase in length is required to compen- 
sate for the decrease in array width available for the 
blankets caused by the increase in actuator width be- 
tween blankets. The actuator-width increase is caused 
by an increase in required boom stiffness and diameter 
at high natural frequencies. For high aspect ratio and 
relatively narrow arrays, this phenomenon becomes more 
evident because the actuator width requires a larger 
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percentage of the total available array width. In Fig. 10, 
the effect of the different aspect ratios on change in 
length is shown. For a 400-ftz array at 0.03 Hz, the 
length is 51.5 ft; at 0.3 Hz, the same 400-ft2 array requires 
67.5 ft. At low aspect ratios, this length increase is small 

and the increase in stifhess needed to compensate for 
the small change in length is negligible. Thus, the low- 
aspect-ratio curves are essentially linear. By use of the 
data shown in Fig. 10, an example array 250 ftz, 8.25 ft 
wide, at 0.07 Hz requires a length of 32 ft. 
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Fig. 10. Variation in array length with deployed natural 
frequency c a u s e d  b y  increase  in bosom length a n d  
actuator width with increasing boom stiffness for a 

boom with D/ f=200  and 80% 
efficiency 

Once the required boom stiffness has been deter- 
mined, the sizing of the boom is simply a calculation 
of the diameter and thickness needed to obtain the 
required moment of inertia (given the boom-material 
modulus of elasticity). Figures 11 and 12 are plots of 
these calculations for a typical steel BI-STEM of 80% 
efficiency. Figure 11 is a plot of boom diameter and ac- 
tuator width vs boom stiffness for various D/t  (diameter/ 
thickness) ratios. This curve shows the direct relationship 
between the actuator width and boom diameter. The 
value of the boom stiffness for the design of the ex- 
ample has been drawn on the curve, and the boom 
diameter and actuator width were found to be 1.26 and 
5.6 in., respectively. By use of Fig. 12, the boom weight 
for the example array is 0.16 lb/ft (of length). 

In this report, one of the major design parameters 
that has not been considered in depth is the variation 
of blanket density and its effect on other parameters. 
Blanket density affects all parameters, including opti- 
mum aspect ratio; therefore, to develop a s e t  of para- 
metric plots for varying blanket density would require 
a complete set of plots similar to those in Appendix A 
for each density variation. 

ig. 11. Boom diameter and boom-actuat 
function of bending stiffness for a steel BI- 
(assuming 80% efficiency) 

101 

8 
P 10-1 

B O O M  STIFFNESS El,  lb-ft’ 

eight per foot vs bending stiffness for a steel 
boom element (assuming 80% efficiency) 

Figures 13 and 14 show two typical parameter varia- 
tions of a 250-ft2 array at various blanket densities. 
Figure 13 shows the effect of blanket density on 
power-to-weight ratio. The significant difference in 
power-to-weight ratio at different blanket densities 
results not only from the different blanket weights, but 
from a change in weight of related structural com- 
ponents. As the blanket weight increases or decreases, 
significant increases or decreases are required in the 
boom, the boom actuator, and the related base structure. 
Figure 14 shows this large variation in boom stiffness 
that is required to compensate for the change in blanket 
weight. If the blanket density is doubled, the boom 
stiffness must be approximately doubled to maintain 
the required frequency. 
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Fig. 13. Dependence of solar-array efficiency on blanket 
weight per unit area for a typical 8.25-ft wide, 250-ft2 
area, 10-W/ft2 output, steel BI-STEM boom array 

NATURAL FREQUENCY, Hz 

The catalog of parametric plots contained in Appen- 
dix A, together with the computer program developed 
in this study, provides a ready means of evaluating the 
performance characteristics of contemplated new designs 
for roll-up solar arrays based on the engineering proto- 
type (see Ref. 2). By use of these plots, a quick evalua- 
tion of the potential merits of a proposed roll-up solar 
array can be made. Although the parametric plots have 
required assumptions that limit their generality, the 
computer program is sufficiently general to accept all 
single-boom, split-blanket configurations, and is able 
to determine the implications of overall geometric scal- 
ing, aspect ratio scaling, inertial load scaling, and 
changes in structural materials. 

The roll-up solar array analysis program is an 
efficient tool for the modal analysis of a deployed solar 
array. The speed of the finite-element procedure and 
eigenvalue determination, combined with the rapid con- 
vergence of the optimization routines, produces a highly 
efficient program for the determination of optimum boom 
stiffness and blanket tension; an optimum (lowest-weight) 
boom can thus be designed. The modal-analysis program 
has been found to be more accurate in the determination 
of the first modes of vibration than the method of lumped 

ependence of optimum (minimum) boo 
ness on blanket weight per unit area for a typical 
8.25-ft wide, 250-ft2 area, 10-W/ff2 output, steel 
BI-STEM boom array 

masses on vibrating strings. Although the membrane 
finite element does not include any bending stiffness, 
additional work has been done by refining this element 
to include the stiffness effect. It was found that, al- 
though the bending stiffness had an effect on higher 
modes of vibration, the first symmetric and antisym- 
metric modes were unaffected. 

The modal-analysis results obtained compare favor- 
ably with the results of tests that have been run on the 
existing prototype (see Ref. 2). The roll-up solar array 
analysis program is also an effective tool for obtaining 
preliminary weight, sizes, overall efficiencies, and fre- 
quencies that can be compared to the weight and 
frequencies of other types of arrays (fold-up, rigid 
panels, etc.). The results obtained from support-structure 
analysis are not intended as a substitute for a complete 
and detailed structural analysis; they are intended as 
an effective means of predicting the performance 
characteristics of proposed array sizes that vary from 
the engineering prototype in size. 
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